We have obtained spectrographic observations of several coronal regions in three emission lines (6374Å [Fe X], 10747Å [Fe XIII], and 10798Å [Fe XIII]) simultaneously. The 25-cm coronagraph at Norikura Observatory and two large-format CCD cameras were used. The peak intensity, velocity, and line-width values were derived from Gaussian fits to the observed line profile at each location of the observed region. The ratio of the intensities of the 10747Å and 10798Å emission lines in the individual coronal structures range between 1.0 and 2.5 at 10 above the limb, which corresponds to a density range of 9.8 × 10 9 -2.4 × 10 8 cm −3 . The scale-height temperature values, derived from the variations of the intensity ratio with height above the limb for all individual coronal structures, range between 0.6 × 10 6 K and 8.3 × 10 6 K with a most frequent value around 1.8 × 10 6 K. The large values of the scale-height temperature for 70% of the structures indicate that these structures may not be in hydrostatic equilibrium nor be isothermal in nature.
Introduction
Detailed knowledge of the electron density and its variation with time can yield important information about the physical and dynamical characteristics of the solar corona. The computation of scale heights from the measured values of densities along coronal structures will help to estimate their temperature and to make realistic models of the corona. The white-light pictures of the corona show the best the distribution of densities, because the amount of observed light is linearly related to the amount of free electrons and, consequently, to the plasma densities, integrated along the line-of-sight. The white-light pictures of the corona and measurements of the polarized continuum intensity during total solar eclipses have been used in determining the electron density in various kinds of coronal structures. Van de Hulst (1953) made the most comprehensive approach to the determination of the electron density by treating separately the intensities of the continuum (the so-called 'K-corona') that are polarized radially and tangentially to the surface. Newkirk (1961) determined the coronal densities based on non-eclipse measurements with the K-coronameter. Saito (1970) computed the radial variation in the electron density and constructed a non-spherical axisymmetric model for the corona at the minimum phase of the solar cycle. Not only plasma densities, but also temperature structures, * Presently at the Institute of Space and Astronautical Science, 3-1-1 Yoshinodai, Sagamihara, Kanagawa 229-8510, and at Solar Physics Research Corporation, 4720 Calle Desecada, Tucson, AZ 85718, U.S.A.
can be easily and accurately analysed with ground-based coronagraphs (Altrock 1988) . Koutchmy et al. (1991) , using an instrument with good absolute calibration, deduced the radial variation of the electron densities in coronal loops, fine rays, enhancements, streamers, equatorial and polar regions, and coronal holes from an analysis of eclipse data. They assumed distributions of inhomogeneity in various degrees, and found large differences in the densities in coronal holes and loops. Orrall et al. (1990) studied the coronal density irregularities in the low corona based on measurements of the polarized brightness of the K-corona (pB), and the intensity of the strong resonance line of Mg X (625Å) as a function of height between 1.05 and 1.25 solar radii. They found that the measured intensity of the [Mg X] line in the inner corona is much greater than that expected from the measured brightness, pB, based on the assumption that n rms = n. They interpreted this as being due to a coronal density irregularity much greater than unity, and suggested the existence of density fluctuations on small spatial scales associated with coronal heating. Guhathakurta et al. (1992) investigated the temperature and density within large-scale structures of the inner corona based on co-spatial and co-temporal data consisting of the following: coronal soft X-ray images near 173Å observed from a sounding rocket; eclipse observations of the brightness in white light and in the coronal green line (5303Å); and ground-based coronagraphic observations of the green and red (6374Å) coronal lines. They found that the average of the ratio between the scale-height temperature and the temperature derived from the intensity ratio of the green and red lines over the entire range of position [Vol. 54,  angles is roughly unity and between 1.3 and 1.6 in the prominent streamers.
All of these measurements give average values of the density in the corona. A more reliable technique for measuring the electron density in different parts of coronal structures and its variation with time would be to utilize the intensity ratios of proper line pairs which originate from the upper levels of the same ions with different density-dependent populations. This method has been extensively used to determine the electron density in the corona, flares, and active and quiet regions of the transition zone by means of soft X-rays and extreme ultraviolet lines (Landi, Landini 1997) . Detailed reviews on this method and the most important results are found in Doschek (1990) , Mason (1991) , and Dwivedi (1993) .
The observations of relative intensities of infrared coronal lines at 10747Å and 10798Å emitted by [Fe XIII] ions have been recognised as powerful tools for estimating the electron density in the emitting region. Finn and Landman (1973) made model calculations to derive the electron densities from the observed intensity ratios by taking into account additional factors, such as (i) collisional ionization and continuum radiative recombination processes, (ii) absorption of photospheric radiation with wavelength-dependent limb-darkening characteristics, and (iii) accurate proton rate constants. With the availability of large-format CCD cameras, it has now become possible to obtain the profiles of infrared lines emitted by [Fe XIII] ions in the corona with high spectral and spatial resolution. The temporal resolution still remains poor because of the long exposure times required due to the low efficiency of a CCD camera at these wavelengths, however. We have studied the intensity ratios of 10747Å and 10798Å emission lines from spectroscopic data obtained with the coronagraph at Norikura Observatory. In this paper we discuss the variations of the electron density in coronal structures and their changes with time. We also determined the scale height from the observed intensity variation as a function of height above the limb, and then computed the scale-height temperatures for different coronal structures assuming hydrostatic equilibrium and an isothermal nature of the coronal structures. An analysis of the line widths of the infrared lines will be published along with those of the red and green lines in a separate paper.
Observations
Spectroscopic observations in three coronal emission lines at 6374Å (Fe X), 10747Å (Fe XIII), and 10798Å (Fe XIII) were made simultaneously with the 25-cm aperture coronagraph of the Norikura Solar Observatory in 1998 September and 1999 September, using two Peltier-cooled Photometrics CCD cameras. The first three columns of table 1 list the date, epoch, and observed coronal region. The coude-type coronagraph and a large Littrow-type spectrograph of 7 m focal length permitted us to observe two well-separated portions of the spectrum by using two CCD cameras (Singh et al. 1999) . One CCD camera (made by Photometrics, Tucson, USA) of 512 × 512 format with a pixel size of 13.5 µm × 13.5 µm was directly mounted at the focal plane of the Littrow focus of the spectrograph. This camera was used to obtain spectra around the red coronal emission line (third order). The second CCD camera of 1024 × 1024 format with a pixel size of 24µm × 24µm coupled with a 20 cm aperture Cassegrain telescope was kept in the beam diffracted from the grating that spilled over the Littrow mirror. The Cassegrain telescope which focussed the spectrum on the second CCD camera was so arranged that we could obtain about a 60Å portion of the spectrum in the second order, covering both the 10747Å and 10798Å [Fe XIII] lines. While recording the spectra, the CCD for the red line was binned both in spatial and wavelength directions by 2 × 2 pixels, and the CCD for the infrared lines was binned by 2 pixels in only the wavelength direction. The binned CCD output yielded a dispersion of 58 mÅ per pixel for the red line and 121 mÅ pixel −1 for the infrared lines. The large slit width of 160 µm used in the observations corresponded to 128 mÅ in the red-line spectra and 291 mÅ in the infrared-line spectra, respectively.
The glass block installed in front of the entrance slit was rotated stepwise to perform raster scans and to develop twodimensional maps (spectroheliograms). Raster scans at 50 positions with a step of 4 were carried out with exposure times of 20-40 s for the red-line spectrum and 40-70 s for the infrared spectrum. To maintain simultaneity in the observations of both lines, the exposures for both of the CCD cameras were started at the same time and the CCD camera for the red-line spectrum waited to begin the next exposure until the exposure for the infrared spectrum was completed. One raster scan was completed in 30-60 min, depending on the exposure time for the infrared spectra which was always greater than that for the red line. On each day, two or three regions were chosen for observations, and raster scans were repeated on these regions in a cyclic order while the sky permitted.
Data Analysis
The pixel resolution of the spectroheliograms after binning the CCD readout was about 2 × 2 , but the slit width that was equivalent to 4 on the Sun restricted the spatial resolution to 2 × 4 . All of the spectra were corrected for the dark current and the flat field, and the sky component obtained from a spectrum of defocussed solar disc image was subtracted. In the top panel of figure 1a we show a typical observed profile of the red coronal emission line. The bottom panel shows the residual emission profile after the dark current and flat field corrections, and then subtracting the scattered-light component due to sky brightness. A Gaussian fit to the residual profile is also plotted. Figure 1b shows a typical observed profile of the infrared coronal emission lines, the corrected profiles, and the Gaussian fits. The fitting errors in the estimated parameters of the line profiles are listed in table 2 for points near the limb and at 100 above the limb. The fitting was made by discarding the data points at the locations of the absorption lines near the emission lines, to make sure of the reliability of the fit. Table 2 indicates very small errors in the computed values of the relative amplitude, central wavelength, and FWHM from the Gaussian fits to the data. Almost in all cases a single Gaussian fit to the observed emission-line profile was found to be satisfactory; at no instance did the observed line profiles show double peaks. Plots of these values of line parameters give us spectroheliograms, Dopplergrams, and line-width maps. Figure 2 is a typical example of such an analysis. The top left and right panels show the intensity distribution, the middle two panels show the velocity distribution, and the bottom two panels indicate the line-width distribution in the 10747Å and 10798Å lines, respectively, for a coronal region observed on 1998 September 9. The top panels of this figure indicate a one-to-one resemblance between the 10747Å and 10798Å line features, as expected. The line widths appear to indicate a small change with height along the coronal structure, which will be investigated later in combination with the red-line data. Figure 3 shows some of the coronal regions observed on different days.
To study the ratio of the 10747Å and 10798Å line intensities in different coronal structures and its variation with time, we performed analyses of the data in two ways. In one method we considered all of the fine structures together in the observed coronal region to derive the intensity ratios of these two lines. We displayed the spectroheliograms of the 10747Å and 10798Å lines on the computer screen and then selected a point on a coronal structure seen in the image of the 10747Å line with the help of the cursor. The corresponding location in the image of the 10798Å line was automatically identified by the developed computer program. The intensity values at this point and the position of the selected point were stored in a file. The spatial resolution of the point was 4 × 4 . In this way we selected 100-200 points along all the structures in the observed coronal region consisting of about 115 × 40 pixels, and used the data to investigate the average physical characteristics of the region. In figure 4 , the small white squares added to figure 2 show the locations on the coronal structures over which the intensity values were determined for the data of 1998 September 9.
The second method we adopted was to mark 10-20 small boxes along only one of the fine structures in the observed region, and thus investigate the behavior of the individual structures. The spectroheliograms in figures 2 and 3 indicate that these structures have widths of 4 -20 . Therefore, to study the average behavior of the variations and the relation between these two intensities, we marked small boxes instead of points in the 10747Å line image, as can be seen in figure 5 . The corresponding box was automatically identified in the image of the 10798Å line with the help of the computer program, and the average values of the intensities of the 10747Å and 10798Å lines in the selected box were computed. The size of the box varied randomly between 8 × 8 and 12 × 20 according to the shape and size of the structure. Most of the time these boxes were rectangular in nature, and sometimes square.
Once the intensity ratio, I (10747)/I (10798), was obtained, we could convert it to the electron density. The calculation of Finn and Landman (1973) assumed a dilution factor for the photospheric radiation field of 0.5. The structures we studied were distributed in height range up to 250 , which corresponds to a dilution factor of 0.2. Flower and Pineau des Forêts (1973) computed the intensity ratios for various dilution factors. However, their figure 5 indicates that the values of the dilution factor ranging from 0.1 to 0.5 yield almost the same intensity ratio of I (10747)/I (10798) for electron densities of 3 × 10 8 -10 10 cm −3 , which entirely cover the density range that we observed. Therefore, the use of Finn and Landman's (1973) results may be justified. Figure 6 shows the conversion curve that we used, taken from figure 1 of Finn and Landman (1973) .
Recent spectroscopic diagnostic packages, such as CHIANTI (Dere et al. 2001) , are based on a more recent atomic database. A comparison between CHIANTI and Finn and Landman (1973) for Fe XIII shows that the two results are not very different (P. R. Young, private communication).
Results
We obtained the spectra in the red and infrared lines on six days between 1998 September 10 and 14 and 1999 September 27-28. The ratio plot shows almost a linear variation between the intensity ratio and height. The values of I (10747)/I (10798) at 10 above the limb and at the height where the density drops by 1/e from the limb were computed by using a linear fit to the data. A conversion between the intensity ratio and the density was made using the curve shown in figure 6 . Table 1 lists the intensity ratio at 10 and at 1/e density and log(density) at 10 . The average density in coronal structures varied between 2.8 × 10 8 cm −3 and 3.2 × 10 9 cm −3 at 10 above the limb. Table 1 also gives the average values of the scale height in arcsecond and the scale-height temperature for several coronal regions observed.
Intensity Ratio of Infrared Lines: All Structure Included

Temporal Variations in Coronal Structures
We could only observe most of the coronal regions for a short duration of 1-2 hours because of unstable sky conditions. Only on 1998 September 13 could we observe a coronal region for about 10 hours. Table 1 indicates that on 1998 September 12 at 21:35 UT the mean electron density at 10 above the limb was about 1.6 × 10 9 cm −3 and the scale-height temperature was about 1.0 × 10 6 K. During an interval of 10 hours the electron density decreased to 6.5 × 10 8 cm −3 at a height of 10 and the scale-height temperature increased to 5.9 × 10 6 K. It is difficult to say how the changes in these parameters occurred because of a large gap of about five hours in the observations. shows a plot of I (10747) versus I (10798), the middle panel shows the FWHM of 10747Å and 10798Å emission lines as a function of height, and the bottom panel shows the ratio I (10747)/I (10798) as a function of height above the limb along with a linear fit to the data. The figure indicates much less scatter in the data as compared to that while considering all of the structures together. This confirms that different individual structures in a coronal region have different physical conditions. The intensity ratios I (10747)/I (10798) at 10 above the limb and at 1/e density were computed from the linear fit to the data of individual structures. Figure 9 shows the frequency distribution of log(density) at 10 above the limb. The density in the coronal structures at 10 range between 2.4 × 10 8 cm −3 to 9.8 × 10 9 cm −3 , and the distribution is broad with a mean value of 7.9 × 10 8 cm −3 .
Intensity Ratio of Infrared Lines: Individual Structures
Intensity Ratio of Red to Infrared Lines: Individual Structures
We have also analyzed the data of the 6374Å and 10747Å lines by selecting 10-20 small boxes along a coronal structure in a method similar to that adopted for the 10747Å and 10798Å data. The observed line intensity was corrected for the exposure time and the wavelength response of the CCD camera by using spectra at the center of the defocussed solar ratio decreases with height above the limb for almost all of the structures. The decrease in the ratio may imply an increase in temperature along the coronal structure toward its top.
Scale-Height Temperatures
We have determined the variation in the ratio I (10747)/I (10798) as a function of height above the solar limb in all the individual coronal structures which we found to vary linearly with height. Our data extends to only about 250 above the limb. Therefore, we made a linear fit to the observed intensity ratios as a function of height in the individual coronal structure to derive the value of the scale-height parameter for that structure. The variations in the electron density were computed using the relationship between the intensity ratio and the electron density, as shown in figure 6 . We then derived the scale height for each coronal structure, i.e., the height at which the electron density falls to 1/e of the density at the base of the coronal structure. We could determine the scale height of 250 individual structures in 15 different coronal regions observed between 1998 September 10 and 14 and 1999 September 27-28. In table 1 we list the mean values of the scale height and the corresponding values of the scale-height temperature for several regions. We also find that there are large variations in the values of the scale height among individual structures in a coronal region. The scale height varied by a factor of 3 in some coronal regions.
Considering all of the coronal structures together, we plotted the frequency distribution of the scale-height values in figure 11 . The figure shows that the scale height ranges between 34 and 742 for the observed coronal structures, with the most frequent value being around 125 . If we assume that the plasma in emission-line coronal structures is isothermal along the line-of-sight and in radial hydrostatic equilibrium, the relation between the scale-height parameter and the scale-height temperature can be defined as (Orrall et al. 1990; Guhathakurta et al. 1992 )
where h is the density scale-height parameter expressed in units of the solar radius, R = 6.96 × 10 10 cm. Here, g = 2.74×10 4 cms −2 is the Sun's surface gravity and m is the mean particle mass (in the inner corona it is about 0.625 times the proton mass). Substituting these values, the above relation can be written (Guhathakurta et al. 1992) as
where T s is the scale-height temperature (that is, the temperature implied by the scale height assuming hydrostatic equilibrium). The most frequent value of the observed scale height (125 ) implies a scale-height temperature of 1.8×10 6 K. However, about 55% of the coronal structures indicate a scale height larger than 125 , and about 20% of the observed structures show values greater than 200 . The scale heights of 100 and 200 imply scale-height temperatures of 1.5 × 10 6 K and 2.9 × 10 6 K, respectively. Figure 12 shows the electron density at 10 above the limb against the derived scale height. This plot indicates that denser loops have smaller scale heights. The relationship between these two parameters can be conveniently described by a modified exponential function, log n e (cm
where h is the scale height in arcsecond, a = 8.68, and b = 2. 86. The correlation coefficient is 0.69 with a confidence level of 99%.
Discussions
All of the structures under investigation were, of course, associated with active regions, but were steady and quiet during the period of observations. We detected no flares or prominence eruptions in this region. The minimum value of 1.0 of the observed intensity ratio in coronal structures corresponds to an electron density of 9.8 × 10 9 cm −3 , and the observed maximum value of 3.1 corresponds to 1.4 × 10 8 cm −3 . In all of the individual coronal structures, the value of the intensity ratio increased with height above the solar limb, which implies that the electron density decreases with height, as expected. About 70% of the coronal structures show a scale height larger than 100 . This suggests that these structures are at a temperature of more than 1.5 × 10 6 K, assuming the hydrostatic equilibrium and an isothermal nature of the coronal structures. The ratio of the 6374Å line intensity to the 10747Å line intensity for an individual structure ranges between 0.6 and 7.4, which implies an average temperature of about 1.5 × 10 6 K for these coronal structures. The values of the scale-height temperature are higher than this for 70% of the structures. Therefore, we may conclude that these structures are neither isothermal nor in hydrostatic equilibrium. A non-uniformity in temperature along the coronal structure is also indicated by the variation in the ratio of 6374Å to 10747Å line intensity as a function of height above the limb. A more important conclusion here, however, is a prevailing tendency of the violation of hydrostatic equilibrium. This may point toward dynamic, non-steady loop models proposed e.g. by Kuin and Martens (1982) .
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